Previous research has shown that a significant limitation to the agricultural use of improved rhizobial inoculant strains is competition from the indigenous soil population. In this work, we sought to test whether chemical inhibitors of flavonoid-induced nod gene expression in Bradyrhizobium japonicum could be identified and utilized to affect interstrain competition for nodulation of soybeans. Approximately 1,000 structural and functional analogs of the known, natural inducers of nod gene expression were tested on six strains of B.
In soybean root nodules, the common soil bacterium Bradyrhizobium japonicum reduces atmospheric nitrogen gas into ammonium, which can be used by plants. Increasing the efficiency of this agronomically useful symbiosis has been an important research goal. New high-yielding soybean cultivars are released yearly. However, releases of new and improved strains of Bradyrhizobium. have proven agronomically and commercially unsuccessful, despite apparent successes in greenhouse and specialized field trials (1, 9) . It has now become possible to both select and engineer bacterial strains that give significant yield increases when low native populations are present (4) . The result of these divergent selection protocols is that many agronomic researchers now have bacterial strains that have shown remarkable greenhouse yield increases but have proven relatively useless when used in soils with significant indigenous populations (3) . This inability to translate greenhouse successes to the field has often been attributed to the competitive nature of the indigenous Bradyrhizobium population in soybean growing areas (25) .
Soybean is native to Asia (5); both the crop and the bacterial symbiont are introductions to the western hemisphere. The plant has been altered through directed breeding efforts focused on maximizing yield and minimizing agronomic input. The bacterial partner has evolved in response to the soils, climate, and cropping practices of its adopted home. Therefore, the bacterial symbiont has not been selected for maximal soybean grain yield, but rather for progeny survival in its adopted home. Its existence in many soils has become, in fact, a pollutant that hampers the introduction of new, higher-yielding strains.
Rhizobium-plant interactions are based on chemical signaling events that occur before the earliest stages of nodulation. Specifically, flavonoids exuded from legume roots and seeds are essential for the induction of the nod genes of Bradyrhizobium and Rhizobium species (8, 14, 17, 18, 22, 27) . These nod genes encode proteins that are essential for invasion of the plant and establishment of an effective symbiosis. The NodD protein found in each Bradyrhizobium or Rhizobium species appears to recognize the flavorloid exuded by the appropriate host plant and subsequently activates transcription of the nod gene operons (reviewed in reference 14). Conversely, other compounds exuded by plants have been shown to inhibit the normal transcriptional activation of these genes (6, 7, 12, 19) .
The agronomic goal of our research has been to exploit this chemical signaling network to enhance the competitiveness of inoculant strains. The specific goal has been to develop a combination of a highly efficient rhizobial strain which, when applied in the presence of a particular chemical, will outcompete the indigenous population in the formation of nodules on the host plant. We report here our progress toward identifying potential chemicals to be used in this strategy. Approximately 1,000 structural or functional analogs of known inducers or inhibitors of nod gene expression were tested. These compounds were screened on B. japonicum strains containing an inducible nodY-lacZ fusion as an assay system (2). The compounds were scored for their ability to induce nod gene expression, to inhibit induction by the natural inducing chemical, or to act in a synergistic manner with known inducers. The results of this study indicate that manipulation of the chemical signals can profoundly affect nodulation. However, practical problems remain before this strategy can be successfully applied in a field situation.
MATERIALS AND METHODS
Bacterial strains. B. japonicum USDA 110 was the wildtype strain used in nodulation tests on soybeans and in most measurements of P-galactosidase activity. B. japonicum ZB977 (strain USDA 110 containing plasmid pZB27) was used to measure nod gene expression (2 itory activity. This class shows excellent differential induction and inhibition between rhizobial strains.
Chalcone analogs included the following: X1 ( Much chemical synthetic effort was placed in the isoflavone and flavone classes; the other chemical classes received less attention. Significant activity with isoflavones and flavones and with coumarins, chalcones, and benzoic acid analogs has been previously reported (13, 15, 19) . We confirmed these findings on a somewhat larger scale and added aurones and benzophenones to the list of inducers and inhibitors of nod gene expression. Many other chemical classes (e.g., anthraquinones, sulfonylureas, zearalenones, homopthalamides, and other registered agricultural chemicals) were also tried but were found to contain neither good inhibitors nor inducers.
B. japonicum ZB977, a derivative of USDA 110, was the first strain obtained and therefore was the most extensively studied. A selection of compounds with differing inhibitory activity on ZB977 is included in Fig. 2 . After approximately 1,000 compounds were tested, the best inhibitory proved to be 7-hydroxy-5-methylflavone, which at 0.03 and 0.2 ,uM reduced induction by >50 100%, respectively, in the presence of 0.3 ,uM genistein.
Serendipitously, strain ZB977 (USDA 110) also proved to be the most sensitive screening tool for our directed chemical synthesis program. This sensitivity was confirmed by testing 50 compounds selected from different structural classes on the various B. japonicum strains containing plasmid pZB27 (data not shown). The expression of the nodY-lacZ fusion in strain USDA 110 consistently proved to be selective in its induction pattern and relatively easy to inhibit. inhibition at 0.3 FM and >85% inhibition at 7.0 ,uM; --, >30% inhibition at 0.3 puM and >70% inhibition at 7.0 ,uM; -, >20% inhibition at 0.3 pAM and >50% inhibition at 7.0 puM; 0, no significant effect at the levels used; +++, >30% induction at 0.3 puM and >50% induction at 7.0 pM; ++, >10% induction at 0.3 pM and >40% induction at 7.0 ,uM; +, >5% induction at 0.3 pFM and >20% induction at 7.0 p.M.
than that of USDA 110, but proved difficult to inhibit relative to other strains, despite our best efforts. With these strains, good levels of inhibition could be obtained by going outside the flavone-isoflavone chemistry that had worked so well with USDA 110. Smaller molecules, such as coumarins and benzoic acid analogs, were relatively adept as inhibitors in these systems but never succeeded in reaching the levels of inhibition obtainable with USDA 110. (12) . Hydroponics proved to be the best assay method for confirming that at least the most potent of inhibitors would decrease nodulation by a sensitive strain. However, competition experiments proved difficult to do, as well as extremely artificial, in hydroponics. Therefore, a modified potting matrix was used for all competition experiments. Figure 3 shows the results of the addition of 7-hydroxy-5-methylflavone to a dual inoculation of Williams soybean with USDA 110 and USDA 31. These two strains had significantly different sensitivities to 7-hydroxy-5-methylflavone (Fig. 4) . The presence of the inhibitor at 5 or 20 ,uM significantly altered the USDA 31 and USDA 110 nodule populations (Fig. 3) . The addition of the inhibitor at 20 ,uM significantly reduced the number of USDA 110 nodules from 54% down to 4% of the total nodules formed. The 20% reduction in the total number of nodules formed on plants at the highest inhibitor concentration is significant at the 0.05 level (Fisher's protected least significant difference test) and could be explained by the data in Fig. 4 and the overall effect of the compound on both strains. DISCUSSION To our knowledge, the data described above represent the most thorough survey of chemicals for inducing or inhibitory effects on nod gene expression. One of our hopes for this work was to provide a clear indication of the structural requirements for nod gene induction and repression. However, only a limited number of generalities are apparent from the data. The structural similarity of the vast majority of the inducers and/or inhibitors shown in Fig. 1 included the 7-hydroxy (of the flavone-isoflavone numbering system) substituent. Other substitutions at that position drastically decreased both inhibition and inducing activity. This finding is consistent with previous research (6, 13, 21, 26) . In addition, most inducers of B. japonicum USDA 110, USDA 121, and USDA 31 required an additional free hydroxyl, methoxyl, or halogen group four to six carbons distal to the carbonyl. This is opposed to B. japonicum USDA 3 and USDA 76, which had considerably more lattitude in compounds that could induce nodY-lacZ expression and were more difficult to inhibit effectively. Further analysis of many more strains would be required to determine whether these differences reflect phylogenetic variation within B. japoni-CUM.
The stated goal of this research was to develop a chemical strategy to modify soybean nodulation and enhance the competitive ability of inoculant strains. As shown in Fig. 2 , chemicals can be identified that markedly inhibit B. japonicum nod gene expression. Moreover, pilot studies indicate that these compounds, exemplified by 7-hydroxy-5-methylflavone, can be utilized to affect nodulation and competition between B. japonicum strains. However, our results also identify severe obstacles for the application of this strategy to a field situation. Perhaps the most severe problem is the significant variation found among B. japonicum strains with regard to the profile of effective inducers and inhibitors. This variation makes it unlikely that any one chemical, applied at reasonable rates, would be effective against a diverse, indigenous B. japonicum population. In addition, given this previously unsuspected variability, the probability of field populations developing resistance to a particular chemical inhibitor cannot be excluded.
Although the results of this study raise difficult questions with regard to commercialization, they do provide some added insights into the possible dynamics of the B. japonicum-soybean interaction. For example, variability among strains of B. japonicum for nod gene inducers could be important in interstrain competition in soil. This variation also could provide a method for host selection of particular B. japonicum strains based on the specific profile of the inducing and/or inhibiting compounds exuded. Clearly, the potential exists for an increased level of complexity and sensitivity in the chemical signaling pathways between Bradyrhizobium and Rhizobium species and their legume hosts. 
